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In this brief review, I argue that the impact of a stimulus on behavioral control
increase as the distance of the stimulus to the body decreases. Habituation, i.e.,
decrement in response intensity repetition of the triggering stimulus, is the default state
for sensory processing, and the likelihood of habituation is higher for distal stimuli.
Sensitization, i.e., increment in response intensity upon stimulus repetition, occurs in a
state dependent manner for proximal stimuli that make direct contact with the body.
In Pavlovian conditioning paradigms, the unconditioned stimulus (US) is always a more
proximal stimulus than the conditioned stimulus (CS). The mechanisms of associative
and non-associative learning are not independent. CS−US pairings lead to formation of
associations if sensitizing modulation from a proximal US prevents the habituation for a
distal anticipatory CS.
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Identification of the necessary and sufficient conditions for the
formation of associations has been a driving influence on learn-
ing theory and research. In Pavlovian conditioning, a conditioned
stimulus (CS) acquires the ability to trigger a new response by
virtue of being paired with an unconditioned stimulus (US),
which by definition is biologically important and capable of
triggering an innate reflex. Starting with British association-
ism, early theories of conditioning were based on the premise
that temporal contiguity was both necessary and sufficient for
stimulus associations (Gormezano and Kehoe, 1981). Although
the temporal coincidence of the CS−US pair is still accepted
to be necessary, research since late 1960’s presented irrevoca-
ble challenges to its sufficiency for the formation of associations
(Durlach, 1989). Of particular importance was the discovery
of blocking (Kamin, 1968), where an association fails to be
formed in spite of the seamless temporal contiguity between
the CS and the US, if the CS is presented in a compound
with another CS that had previously been associated with the
same US. Blocking had a major bearing on the development
of the contingency theory of associative learning (Rescorla and
Wagner, 1972), which has been a major breakthrough that
diverted the focus of learning research from physical proper-
ties (e.g., intensity and temporal coincidence) to the signal value
[e.g., predictiveness, informativeness, (un)expectedness] of the
to-be-associated stimuli (Rescorla and Holland, 1988; Gallistel
and Matzel, 2013).
The signal value of a stimulus is correlated with its potential to
support responsiveness, which for a given set of physical param-
eters depends largely on the history of non-associative learning,
i.e., habituation and sensitization for the stimulus. Habituation
refers to the reduction in the probability or amplitude of respond-
ing that is observed upon inconsequential stimulus repetition. For
example, repeated delivery of an odor at constant inter-stimulus-
intervals (ISI) would eventually lead to the habituation of the
response that is initially triggered by the odor. I say eventually,
because depending on the parameters of the stimulation protocol
(e.g., odor concentration, frequency of odor presentation), a tem-
porary increment in responsivenessmight initially be observed. If,
however, an appetitive gustatory stimulus (e.g., sugar) is repeated
with the same ISI, depending again on the concentration of
sugar, frequency of stimulation, and the physiological state of
the organism, this protocol is likely to result in an increment
in the probability of responding, i.e., sensitization. Finally if
odor and sugar are paired instead of being presented separately,
the standard paradigm for Pavlovian conditioning would ensue,
where the two stimuli would now be termed conditioned (CS)
and unconditioned stimuli (US), respectively. Hence, associative
learning can be suggested to entail an evasion from habituation
for the CS as it signals the arrival of a sensitizing event, the US,
and a conditioned response (CR) would then be triggered during
the CS in anticipation of the US.
It follows that whether or not coincident pairings of the
same CS and US will yield associative learning is influenced
by the signal value, or equivalently, on the history of habit-
uation and sensitization prior to conditioning. If, for exam-
ple, a CS is repeatedly presented to yield habituation prior to
conditioning, then its signal value would be reduced, which
would in turn reduce subsequent associative learning relative
to a control condition where the CS is presented de novo
during Pavlovian pairings. Indeed, the strength of associations
decreases if organisms are pre-exposed to the CS before con-
ditioning (Reiss and Wagner, 1972; Hall, 2001). Similarly, effi-
cacy of a US can be potentiated if conditioning is preceded
by a sensitizing treatment (LoLordo and Randich, 1981), and
vice versa (see Pearce and Hall, 1980; Franklin and Hall, 2011,
for explanations based on context-conditioning during US pre-
exposure). In the same vein, the failure of a US to support
new associations under a blocking paradigm can be correlated
with the reduction in sensitization (or the “surprise value” of
the Rescorla-Wagner model) evoked by a signaled (as opposed
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to an unexpected) US, and indeed, US efficacy is known
to decrease with extended associative training (Rescorla and
Wagner, 1972).
The suggestion that conditioning emerges as a sensitizing stim-
ulus (US) exerts a modulatory influence to prevent the habitua-
tion for another stimulus (CS) begs the identification of stimulus
characteristics that determine whether habituation or sensitiza-
tion will occur upon repetition. So, are there any independent
criteria for predicting a priori if a stimulus can incite sensitization
or habituation, or equivalently, are there any inherent properties
that assign a CS− or US-like function to a stimulus?
THE IMPACT OF A STIMULUS DECREASES WITH ITS
DISTANCE FROM THE BODY
Only a small number of model paradigms for Pavlovian condi-
tioning endured the test of time in vertebrate and invertebrate
species. The limiting factor is the scarcity of stimuli that can func-
tion as a US. In all paradigms that yield reliable conditioning, the
US is a proximal stimulus that comes into direct contact with
the body. For example, in appetitive conditioning paradigms,
food is the most frequently used US which supports conditioned
approach or discrimination via its gustatory or nutritive prop-
erties. In aversive conditioning, the US is most often a pain
inflicting stimulus (e.g., heat or electric shock) that is delivered
via the tactile domain. In contrast, the CS’s consist of distal inputs
from the visual, auditory, or olfactory domains. Distal stimuli are
conspicuously ineffective as US’s even after they have acquired
the potential to support conditioned responding through higher-
order conditioning (Rescorla, 1973). In fact, there does not exist a
robust model paradigm which utilizes a distal stimulus as the US,
and a proximal stimulus as the CS. The more proximal nature of
the US relative to the CS is true even for paradigms where the
CS and the US are first encountered through the same sensory
modality. For example, in taste preference conditioning, the gus-
tatory stimulus is the CS, and the nutritive value of food which
requires further digestive processing, is the US (de Araujo, 2011;
Fujita and Tanimura, 2011). Similarly, digestion-related malaise
functions as the US in conditioned taste aversion (Garcia and
Koelling, 1966).
The distinction between distal and proximal stimuli is non-
trivial because it matches the temporal order of events as the
animal moves and/or the environment changes. For example,
one can smell an apple before/without tasting it, but not vice
versa. In general, biologically important objects (e.g., food, preda-
tors, aggressive opponents, potential mates, sharp objects) are
detectable via distal cues (i.e., odors, sounds, sight) before they
contact the body to activate proximal senses (taste, touch),
and associative learning is sensitive to this temporal order
(Timberlake, 1994). According to the argument being raised here,
associative learning will occur selectively for distal signals that
provide anticipatory cues to biologically important stimuli, and
habituation will follow otherwise. Finally, it should be noted that
by the very definition of Pavlovian conditioning, this argument
applies to distal stimuli that are neutral prior to conditioning,
i.e., stimuli that do not by themselves evoke an appetitive or aver-
sive response, but acquire the ability to do so after being paired
with a US.
MODULATION OF DISTAL STIMULUS PROCESSING BY
PROXIMAL INPUTS AS A GENERAL PRINCIPLE FOR THE
ORGANIZATION OF LEARNING AND BEHAVIOR
All behaviors can be coarsely classified into approach and avoid-
ance where the animals choose to respond in a manner to main-
tain or terminate the impact of impinging stimuli. As classical
ethologists of the last century astutely documented (Tinbergen,
1951), approach-based behavior systems (e.g., foraging and mat-
ing where the animals’ movements are directed toward appetitive
stimuli, and aggression where the animal approaches aversive
stimuli) have two properties in common: The first is the sequen-
tial pattern of behavior which requires persistent sign tracking
and stimulus evaluation, presenting the animal with multiple
check points before it finally commits the consumatory act. The
second is both state- and stimulus-dependence of performance,
which attunes behavioral choice to physiological demands.
Often referred to as motivation, the impact of inter-
nal state variables on behavior is robust to fluctuations in
environmental inputs, maintaining the coherence and goal-
directedness of behavior in the face of environmental perturba-
tions. Interestingly, when animals are in a conflict between acting
in accordance with the existing motivational state or respond-
ing to an incompatible external stimulus, their choice reflects
a high impact of internal state variables. Similarly, proximal
stimuli are more likely to control behavior when they are in
conflict with distal stimuli. For example, initiation of swim-
ming in response to noxious mechanical stimulation is sup-
pressed in hungry, but not sated leech (Gaudry and Kristan,
2012). Similarly, male fruit flies fail to escape from mechani-
cal turbulence or dangerously high ambient temperatures when
they are mating (Crickmore and Vosshall, 2013). Other exam-
ples abound in nature: The type and intensity of the behav-
ioral response to a conspecific is highly modulated both by
the motivational state of the animal, and the distance of the
intruder. These observations suggest a body-centered hierar-
chy of impact in the decreasing order of internal state, proxi-
mal, and distal stimuli, where closeness to the body yields not
only a higher probability of access to behavioral control, but
also the potential to modulate the effects of more distal input
sources.
One would only expect that the organization of learning mir-
rors the organization of behavior. Experience dependent change
in the feeding reflexes of fruit flies provides a good example.
Flies respond to appetitive stimulation of their gustatory recep-
tors by extending their mouthparts, the proboscis. In the presence
of a tastant, elicitation of the proboscis extension reflex (PER)
is a probabilistic process that is modulated by stimulus prop-
erties (e.g., type and concentration of the appetitive solution
Dahanukar et al., 2007), physiological state (e.g., hunger Inagaki
et al., 2012; Marella et al., 2012, nutrition Edgecomb et al., 1987,
and arousal Dethier, 1974; Vargo and Hirsch, 1982), and mem-
ory (Chabaud et al., 2006). For example, habituation of PER
is observed upon repetitive stimulation of the tarsal receptors
with sucrose in the fruit fly Drosophila melanogaster. When flies
are re-habituated an hour later, PER probability decreases faster
relative to the de novo control group that is equated for the
level of initial sucrose responsiveness, indicating that habituation
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memory for PER may last for at least an hour (Cevik and Erden,
2012).
Markedly, expression of both short-term habituation and 1-h
habituation memory are strictly dependent on the physiological
state of the flies. In the above study (Cevik and Erden, 2012), indi-
vidual flies exhibited one of three distinct response patterns under
a PER habituation protocol following 1–4 h of food deprivation:
Some flies were completely non-responsive to sucrose irrespective
of its concentration. Another group of flies exhibited the converse
response pattern and failed to habituate, and again, their respon-
siveness did not change with sucrose concentration. Finally, a
third group of flies responded to sucrose, and habituated upon
repeated stimulation.
Two points are worthy of special emphasis regarding the above
data set on PER habituation: First and foremost, the effects of
stimulus- and state-dependent factors on sucrose responsiveness
are clearly non-additive. That is, stimulus factors are not equiv-
alent with respect to their impact on controlling PER or its
experience-dependent modulation when compared to the inter-
nal state. In fact, the physiological state determined whether and
how the flies would respond to appetitive stimuli: Following 1 h of
food deprivation, 60% of flies were completely non-responsive to
600mM sucrose, as if it was not there. At 4 h of food deprivation,
less than 20% of the flies remained non-responsive, whereas 40%
of the flies failed to show habituation, and continued to respond
as if there was nothing else but sucrose. Clearly, state-dependence
of responsiveness had a qualitative, but not quantitative effect on
how appetitive stimuli were processed for immediate responding
as well as for memory-formation.
Second, habituation, when it was observed, was rapid. It can
be argued that stimuli exert the highest influence on behavior
when they are novel. If a fly emitted at least one PER during
the habituation session, its first response was highly likely to
occur within the first two trials. To put it in other words, if a
fly did not respond in the first few instances of sucrose presen-
tation, it was not likely to respond afterwards. Because the flies
are not permitted to ingest sucrose or even touch the sucrose
solution with their proboscis in a habituation session, PER emis-
sions do not result in feeding. Under these conditions, tarsal
stimulation with sucrose is redundant, and entails rapid habit-
uation. Notice that although neural adaptation and habituation
are not dissociable, habituation cannot be reduced to adaptation
either. For example, in the above experiment, the same stimu-
lus repetition protocol which supposedly produced similar rates
of input adaptation, led to different rates of habituation as a
result of hunger modulation. Further, both habituation and its
failure could be predicted in advance by early response param-
eters that were not confounded by adaptation. For example,
responsiveness within the first two trials could predict the sub-
sequent pattern of habituation before adaptation was in effect.
In general, although short-term habituation is correlated with
failures of sensory transmission (Malkinson and Spira, 2013),
longer term habituation cannot be reduced to either receptor
adaptation or a depression of the sensorimotor synapses, pre-
senting prima facie evidence for experience dependent change in
the likelihood of responding to the same stimulus (Glanzman,
2009).
In fact, habituation might be the default fate for most stimuli
in the absence of top-down modulation (although see Horn and
Hinde, 1970 for examples of non-habituating reflexes). To state it
in more general terms, habituation is not just a waning of respon-
siveness for repetitive external stimuli, but is a default property
of central processing unless it is modulated by a sensitizing input.
This framework might be useful in understanding organization
of behavior and learning. Below, I present a brief review of recent
findings on appetitive olfactory conditioning in fruit flies to sug-
gest that classical conditioning ensues when the habituation of
a distal stimulus is prevented by virtue of its anticipatory pair-
ing with the proximal, sensitizing stimulus under the permissive
context of the internal milieu.
APPETITIVE OLFACTORY CONDITIONING AS A MODEL TO
STUDY CROSS-MODAL STIMULUS INTEGRATION
In an appetitive olfactory conditioning paradigm, a group of flies
are first exposed to an odor, CS+, which is simultaneously pre-
sented with sucrose, US. In alternating trials, they are also exposed
to another odor, CS−, which is not accompanied by an appetitive
US. During the test phase, the flies are simultaneously presented
with CS+ and CS− in the absence of a US, where they choose
to approach CS+ following successful conditioning. Notice that
the training protocol equates the two olfactory stimuli, CS+ and
CS−, with respect to habituation while differentiating them in
terms of the sucrose-driven sensitization that follows (Tully and
Quinn, 1985).
Mushroom bodies (MB) are bilateral multi-modal sensory
integration sites (Strausfeld et al., 2003) that have been associated
with appetitive and aversive memories (Mizunami et al., 1998;
Keene and Waddell, 2007; Zhang et al., 2013), attention (van
Swinderen, 2007), and context-(Liu et al., 1999) and salience-
based decision making (Zhang et al., 2007) in several insect
species. The MB in each hemisphere of the adult fruit fly brain
house ∼2500 Kenyon cells which form lobular structures that can
be distinguished in terms of their morphology and function. For
example, the axons of a subset of Kenyon cells bifurcate to form
the vertical α and medial β lobes, another subset likewise forms
the α′ and β′ lobes, and γ neurons have unbranched axons that
project medially. Kenyon cell dendrites are housed in the calyces
where they receive olfactory input from the projection neurons
that ascend from the antennal lobes. In turn, Kenyon cell output
converges on a small number (∼30 pairs) of extrinsic neurons
that innervate distinct areas alongMB lobes (Chen et al., 2012; Pai
et al., 2013; Placais et al., 2013). Finally, at both the calycal input
and the lobular output areas, Kenyon cells make extensive pre-
and post-synaptic contacts with aminergic and peptidergic mod-
ulatory neurons that relay the computed impact of proximal (i.e.,
gustatory and tactile) input as well as the internal state (Krashes
et al., 2009; Mao and Davis, 2009; Pitman et al., 2011; Aso et al.,
2012; Burke et al., 2012).
The innervation pattern of modulatory neurons shows exten-
sive overlap with those of the extrinsic output neurons, defining
lobular areas that are functionally specialized for different types
and/or stages of memory processing (Krashes et al., 2007; Aso
et al., 2012; Xie et al., 2013). For example, a broad, non-selective
activation of the α′β′ lobes is observed immediately following the
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training phase of olfactory conditioning. This activity overlaps in
space and time with the activity of octopaminergic (OA) neu-
rons that are incited by the sweet taste of the sugar (US), which
can modulate conditioned odor preference for as short as a few
minute. Longer lasting memories require the activity of dopamin-
ergic (DA) neurons in the PAM cluster (Burke et al., 2012; Liu
et al., 2012). A subset of PAM-DA neurons receive input from
both the OA neurons that relay the impact of sweetness, and a
yet unidentified source that relays information about the nutri-
tive quality of sugar shortly after ingestion. Being the convergence
point of the sensory intensity and nutritive quality of food, DA
neurons of the PAM cluster in turn innervate the tip of the β′
and γ lobes to support olfactory memories that may last for hours
(Burke et al., 2012).
The sequential pattern of OA and DA modulation of the
Kenyon cells which is required for the formation of appetitive
memories can be interpreted as a selection-for-not-habituation
of olfactory representations as they are modulated by sensitizing
input from progressively more proximal sources. For example,
sweetness is a proximal (yet external) input that provides infor-
mation about the concentration of food, and it can facilitate
the associability of mushroom body olfactory representations for
minutes via OAmodulation. More stable memories require sensi-
tizing modulation from an internal source: DA neurons that relay
the impact of the nutritive quality of food can support olfactory
memories for hours. Hence, following conditioning, when ani-
mals encounter distal olfactory stimuli, they learn to anticipate
the sequential arrival of progressively more proximal inputs with
positive valence, namely sweetness and nutritive value, through
the DA-mediated olfactory associations (see Wittmann et al.,
2005; Tully et al., 2007; Howe et al., 2013 for similar examples
in the vertebrate brain). Converging evidence comes from a study
which showed that in addition to their well-known roles in asso-
ciative learning, MBs are also involved in sustaining the impact
of biologically important stimuli. The disruption of MB function
results in a premature habituation to electric shocks that can oth-
erwise function as US’s to support aversive olfactory associations
(Acevedo et al., 2007).
A similar argument can hold for the retrieval of appetitive
olfactory memories. Memory retrieval is inferred as the animal
performs the CR; so by definition, it is a process that guides
action selection. Therefore, one can imagine that upon encoun-
tering the CS, the process of memory retrieval initiates dynamics
that bias responding in favor of US anticipation or consumma-
tion. In the fly brain, the αβ lobes have been shown to be required
for the retrieval of short- and long-term memories (Aso et al.,
2012; Xie et al., 2013), so arguably, these lobes are involved in
accessing associations of olfactory stimuli to guide anticipatory
action selection, irrespective of the temporal phase or stability
of memory traces. In accordance with the model being proposed
here, it is only expected then, that the αβ lobes would be modu-
lated by the impact of proximal and internal inputs. Interestingly,
a zone located at the heel of MB’s where α and β lobes inter-
sect, acts as a switch that biases memory-driven performance in
favor of approach or avoidance responses. This zone is innervated
by a subset of DA neurons of the PPL1 cluster, MB-MP1 neu-
rons, activation of which is necessary for the retrieval of aversive
olfactory memories, i.e., for the selection of actions that are com-
patible with moving away from the odor source (Mao and Davis,
2009; Xie et al., 2013). However, these MB-MP1 neurons can be
inhibited by inputs that convey the impact of proximal appet-
itive substances as well as the internal milieu that bias action
selection in favor of approach. For example, information about
the sweetness of the tastant [via the OA neurons (Burke et al.,
2012)] and the physiological state of the fly [via neuropeptide F
(Krashes et al., 2009)] converge to inhibit the activity of a subset
of PPL1-DA neurons that convey negative valence. This pattern
of connectivity reduces the probability of moving away from
high-quality tastants and increases the probability of approach-
ing a food source using learned associations, when the animal is
hungry.
Notice that the hierarchical modulation of olfactory repre-
sentations in downstream multi-modal association areas confers
flexibility and context-dependence to conditioned responding
(Strausfeld, 2012). Being driven both by the internal and proximal
environment of the animal, DA neurons modulate the processing
of distal stimuli to confer context-dependent salience to a selected
subset (i.e., attention), endure the impact of previously inconspic-
uous distal stimuli by associating them with significant proximal
events (i.e., conditioning and memory formation), and mediate
the selection of a general action plan vis a vis distal stimuli (i.e.,
approach vs. avoidance).
Finally, it should be noted that the current model suggests
a resemblance between the properties of neural circuits that
underlie associative learning in vertebrate and invertebrate brains.
NMDA-receptor mediated long term potentiation (LTP) has been
the principal model of memory formation in the mammalian
brain since its discovery by Bliss and Lomo (1973). In the exci-
tatory synapses that undergo LTP, a weak input can become
potentiated as a consequence of being coincident with a stronger
input (e.g., Barrionuevo and Brown, 1983); and this associa-
tive property has validated LTP as a cellular model of Pavlovian
conditioning. Although the role of monoamines in environment-
specific drug effects and reinforcement learning have long been
established as models of conditioned responding in the mam-
malian brain (e.g., Stewart and Vezina, 1988), monoaminergic
modulation of LTP induction has caught researchers’ interest
more recently. For example, monoaminergic enhancement of
hippocampus-dependent memory formation is observed when
the emotional valence of the US is relevant (Wittmann et al.,
2005), and monoamine transmission is often heterosynaptically
activated by the basolateral nucleus of the amygdala (BLA)
(Tully et al., 2007). Interestingly, bilateral lesions of BLA pro-
duce symptoms that resemble the Kluver-Bucey syndrome (Davis
andWhalen, 2001). This condition was originally described when
the bilateral removal of temporal lobes including the amyg-
dala caused monkeys to compulsively attend to almost every
visual stimulus and proceed to examine even repulsive objects
by mouth, increase heterosexual and homosexual behavior, and
approach conspecifics as well as human caretakers with a marked
absence of anger or fear. In essence, these symptoms reveal a
failure to habituate to distal inputs, which results in an inap-
propriate progression toward initiating andmaintaining proximal
contact with stimuli irrespective of their incentive value. Similarly,
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bilateral lesions of BLA (Hatfield et al., 1992), or the depletion of
DA and NE in the amygdala (Fernandez-Ruiz et al., 1993) pro-
duces a decrement in taste-potentiated odor aversion, but not in
taste-aversion per se. These results suggest that the monoamine
modulation in the BLA functions to guide conditioned avoidance
reactions toward distal (e.g., olfactory) stimuli by the signaling
the valence of proximal inputs (e.g., taste). Interestingly, olfactory
conditioning in fruit flies has recently been shown to involve post-
synaptic plasticity in the dendrites of MB output neurons that
express NMDA receptors (Xia et al., 2005; Chen et al., 2012; Pai
et al., 2013), which closely overlap with the arborizations of DA
neurons along the lobes. It can then be argued, that input from
proximal receptors initiates monoamine signaling, which in turn
modulates excitatory synapses to establish conditioned approach
or avoidance of distal stimuli in both vertebrate and invertebrate
brains.
SUMMARY AND CONCLUSION
In this brief review, I argued that the impact of a stimulus on
behavior and its potential to modulate the effects of other stimuli
increase as its distance from the body decreases, and the body-
centered hierarchy of stimulus impact applies to the organization
of behavior as well as its experience dependent change. For exam-
ple, the likelihood of habituation, i.e., the inability of a perceivable
stimulus to control behavior is higher for distal stimuli, whereas
the likelihood of sensitization is higher for stimuli that come
into direct contact with the body to activate gustatory and/or
mechanoreceptors. Further, I argued that mechanisms of associa-
tive learning are not independent from those of habituation and
sensitization. Pavlovian conditioning ensues when internal state
(e.g., hunger) up-regulates the sensitizing potential of the prox-
imal US (e.g., food), which in turn prevents habituation to the
distal CS (e.g., odor). According to the argument being raised
here, CS−US pairings should fail to yield associative learning if
sensitization does not occur to the US. In this short review, I gave
examples from olfactory learning in fruit flies, but I believe that
a similar hierarchy of body-centered stimulus impact exists in the
vertebrate brain as well. The idea that sensitization from proximal
inputs and the internal milieu drives associative learning might
help our understanding of phenomena such as the development
of chronic pain (Agroff et al., 2009), or eating disorders (Kaye
et al., 2011) as failures of habituation.
REFERENCES
Acevedo, S. F., Froudarakis, E. I., Kanellopoulos, A., and Skoulakis, E. M. C.
(2007). Protection from premature habituation requires functional mush-
room bodies in Drosophila. Learn. Mem. 14, 376–384. doi: 10.1101/lm.
566007
Agroff, C. E., Albrecht, P., Irving, G., and Rice, F. (2009). Multimodal analgesia for
chronic pain: rationale and future directions. PainMed. (Suppl 2), S53–S66. doi:
10.1111/j.1526-4637.2009.00669.x
Aso, Y., Herb, A., Ogueta, M., Siwanowics, I., Templier, T., Friedrich, A. B., et al.
(2012). Three dopamine pathways induce aversive odormemories with different
stability. PLoS Genet. 8:e1002768. doi: 10.1371/journal.pgen.1002768
Barrionuevo, G., and Brown, T. H. (1983). Associative long term potentia-
tion in hippocampal slices. Proc. Natl. Acad. Sci. U.S.A. 80, 7347–7351. doi:
10.1073/pnas.80.23.7347
Bliss, T. V., and Lomo, T. (1973). Long lasting potentiation of synaptic transmis-
sion in the dentate area of the anaesthetized rabbit following stimulation of the
perforant path. J. Physiol. 232, 331–356.
Burke, C., Huetteroth, W., Owald, D., Perisee, E., Krashes, M. J., Das, G.,
et al. (2012). Layered reward signaling through octopamine and dopamine in
Drosophila. Nature 492, 433–437. doi: 10.1038/nature11614
Cevik, M. O., and Erden, A. (2012). The course of habituation of the proboscis
extension reflex can be predicted by sucrose responsiveness in Drosophila. PLoS
ONE 7:e38963. doi: 10.1371/journal.pone.0039863
Chabaud, M. A., Devaud, J. M., Pham-Delègue, M. H., Preat, T., and
Kaiser, L. (2006). Olfactory conditioning of proboscis activity in Drosophila
melanogaster. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 192,
1335–1348. doi: 10.1007/s00359-006-0160-3
Chen, C. C., Wu, J. K., Lin, H. W., Pai, T. P., Fu, T. F., Wu, C. L., et al. (2012).
Visualizing long term memory formation in two neurons of the Drosophila
brain. Science 335, 678–685. doi: 10.1126/science.1212735
Crickmore, V. A., and Vosshall, L. B. (2013). Opposing dopaminergic and
GABAergic durations control the duration and persistence of copulation in
Drosophila. Cell 155, 881–893. doi: 10.1016/j.cell.2013.09.055
Dahanukar, A., Lei, Y. T., Kwon, J. Y., and Carlson, J. R. (2007). Two Gr
genes underlie sugar reception in Drosophila. Neuron, 56, 503–516. doi:
10.1016/j.neuron.2007.10.024
Davis, M., and Whalen, P. J. (2001). Amygdala: vigilance and emotion. Mol.
Psychiatry 6, 13–34. doi: 10.1038/sj.mp.4000812
de Araujo, I. E. (2011). Sweet taste signaling and the formation of memories of
energy sources. Front. Syst. Neurosci. 5:99. doi: 10.3389/fnsys.2011.00099
Dethier, V. (1974). “Sensory input and the inconstant fly,” in Experimental Analysis
of Insect Behavior, ed L. Barton Browne (New York, NY: Springer Verlag), 1–31.
doi: 10.1007/978-3-642-86666-1_3
Durlach, P. J. (1989). “Learning and performance in pavlovian conditioning: are
failures of contiguity failures of learning or performance?” in Contemporary
Learning Theories: Pavlovian Conditioning and the Status of Learning Theory,
eds S. B. Klein and R. R. Mowrer (Hillsdale, NJ: Lawrence Erlbaum Associates),
19–69.
Edgecomb, R. S. et al. (1987). Regulation of tarsal taste threshold in the blowfly,
Phormia regina. J. Exp. Biol. 127, 70–94.
Fernandez-Ruiz, J., Miranda, M. I., Bermúdez-Rattoni, F., and Drucker-Colín, R.
(1993). Effects of catecholaminergic depletion of the amygdala and the insular
cortex on the potentiation of odor by taste aversions. Behav. Neural Biol. 60,
189–191. doi: 10.1016/0163-1047(93)90314-8
Franklin, S., and Hall, G. (2011). Analysis of US-preexposure effects in appet-
itive conditioning. J. Exp. Psychol. Anim. Behav. Process. 37, 495–500. doi:
10.1037/a0025484
Fujita, M., and Tanimura, T. (2011).Drosophila evaluates and learns the nutritional
value of sugars. Curr. Biol. 21, 751–755. doi: 10.1016/j.cub.2011.03.058
Gallistel, C. R., and Matzel, L. D. (2013). The neuroscience of learning: beyond the
Hebbian synapse. Ann. Rev. Psychol. 64, 169–200. doi: 10.1146/annurev-psych-
113011-143807
Garcia, J., and Koelling, R. (1966). Relation of cue to consequence in avoidance
learning. Psychon. Sci. 4, 123–124.
Gaudry, Q., and Kristan, W. B. Jr. (2012). Decision points: the factors influenc-
ing the decision to feed in the medicinal leech. Front. Neurosci. 6:101. doi:
10.3389/fnins.2012.00101
Glanzman, D. L. (2009). Habituation in Aplysia: the Cheshire cat of neurobiology.
Neurobiol. Learn. Mem. 92, 147–154. doi: 10.1016/j.nlm.2009.03.005
Gormezano, I., and Kehoe, E. J. (1981). “Classical conditioning and the law of
contiguity,” in Advances in Analysis of Behavior: Predictability, Correlation, and
Contiguity, eds P. Harzem and M. D. Zeiler (New York, NY: JohnWiley & Sons),
1–45.
Hall, G. (2001). “Perceptual learning: association and differentitation,” in
Handbook of Contemporary Learning Theories, eds R. R. Mowrer and B. K.
Stephen (Mahwah, NJ: Lawrence Erlbaum Associates), 367–407.
Hatfield, T., Graham, P. W., and Gallagher, M. (1992). Taste potentiated odor aver-
sion: a role of the amygdaloid basolateral complex and central nucleus. Behav.
Neurosci. 106, 286–293. doi: 10.1037/0735-7044.106.2.286
Horn, G., and Hinde, R. A. (1970). Short Term Changes in Neural Activity and
Behavior. London; New York, NY: Cambridge University Press.
Howe, M. W., Tierney, P. L., Sandberg, S. G., Phillips, P. E., and Graybiel, A. M.
(2013). Prolonged dopamine signaling in striatum signals proximity and value
of distant rewards. Nature 500, 575–579. doi: 10.1038/nature12475
Inagaki, H. K., Ben-Tabou de-Leon, S., Wong, A. M., Jagadish, S., Ishimoto,
H., Barnea, G., et al. (2012). Visualizing neuromodulation in vivo:
Frontiers in Integrative Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 13 | 5
Çevik Habituation, sensitization, Pavlovian conditioning
TANGO-mapping of dopamine signaling reveals appetite control of sugar
sensing. Cell 148, 583–595. doi: 10.1016/j.cell.2011.12.022
Kamin, L. J. (1968). “Attention-like processes in classical conditioning,” in Miami
Symposium on the Prediction of Behavior 1967: Aversive stimulation, ed M. R.
Jones (Florida, FL: University of Miami Press), 9–31.
Kaye, W. H., Wagner, A., Fudge, J. L., and Paulus, M. (2011). Neurocircuitry of eat-
ing disorders. Curr. Top. Behav. Neurosci. 6, 37–57. doi: 10.1007/7854_2010_85
Keene, A. C., andWaddell, S. (2007). Drosophila olfactory memory: single genes to
complex circuits. Nat. Rev. Neurosci. 8, 341–354. doi: 10.1038/nrn2098
Krashes,M. J., DasGupta, S., Vreede, A.,White, B., Armstrong, J. D., andWaddell, S.
(2009). A neural circuit mechanism integratingmotivational state withmemory
expression in Drosophila. Cell 139, 416–427. doi: 10.1016/j.cell.2009.08.035
Krashes, M. J., Keene, A. C., Leung, B., Armstrong, J. D., and Waddell, S. (2007).
Sequential use of mushroom body neuron subsets during Drosophila odor
memory processing. Neuron 53, 103–115. doi: 10.1016/j.neuron.2006.11.021
Liu, L., Wolf, R., Ernst, R., and Heisenberg, M. (1999). Context generalization in
Drosophila visual learning requires themushroom bodies.Nature 400, 753–756.
doi: 10.1038/22919
Liu, C., Placais, P. Y., Yamagata, N., Pfeiffer, B. D., Yoshinori, A., Friedrich AB.
et al. (2012). A subset of dopamine neurons signals reward for odor memory
in Drosophila. Nature, 488, 512–517. doi: 10.1038/nature11304
LoLordo, V. M., and Randich, A. (1981). “Effects of experience of electric shock
upon subsequent conditioning of an emotional response: associative and non-
associative accounts,” in Predictability, Correlation, Contiguity, eds P. Harzem
and M. H. Zeiler (New York, NY: John Wiley & Sons Ltd), 247–285.
Malkinson, G., and Spira, M. E. (2013). Release properties of individual presy-
naptic boutons expressed during homosynaptic depression and heterosynaptic
facilitation of the Aplysia sensorimotor synapse. Front. Cell Neurosci. 7:165. doi:
10.3389/fncel.2013.00165
Mao, Z., and Davis, R. (2009). Eight different types of dopaminergic neurons inner-
vate the Drosophila mushroom body neuropil: anatomical and physiological
heterogeneity. Front. Neural Circuits 3:5. doi: 10.3389/neuro.04.005.2009
Marella, S., Mann, K., and Scott, K. (2012). Dopaminergic modulation
of sucrose acceptance behavior in Drosophila. Neuron 73, 941–950. doi:
10.1016/j.neuron.2011.12.032
Mizunami, M., Weibrect, J. M., and Strausfeld, N. J. (1998). Mushroom bodies
of the cockroach: Their participation in place memory. J. Comp. Neurol.
402, 520–537. doi: 10.1002/(SICI)1096-9861(19981228)402:4<520::AID-
CNE6>3.0.CO;2-K
Pai, T. P., Chen, C. C., Lin, H. H., Chin, A. L., Lai, J. S., Lee, P. T., et al. (2013).
Drosophila ORB protein in two mushroom body output neurons is necessary
for long term memory formation. Proc. Natl. Acad. Sci. U.S.A. 110, 7898–7903.
doi: 10.1073/pnas.1216336110
Pearce, J. M., and Hall, G. (1980). A model for Pavlovian learning: variations in
the effectiveness of conditioned but not unconditioned stimuli. Psychol. Rev. 87,
532–552. doi: 10.1037/0033-295X.87.6.532
Pitman, J., Huetteroth, W., Burke, C., Krashes, M. J., Lai, S. L., Lee, T.,
et al. (2011). A pair of inhibitory neurons is required to sustain labile
memory in the Drosophila mushroom body. Curr. Biol. 21, 855–861. doi:
10.1016/j.cub.2011.03.069
Placais, P. Y., Trannoy, S., Friedrich, A. B., Tanimoto, H., and Preat, T. (2013).
Two pairs of mushroom body efferent neurons are required for appeti-
tive long term memory retrieval in Drosophila. Cell Rep. 5, 769–780. doi:
10.1016/j.celrep.2013.09.032
Reiss, S., and Wagner, A. R. (1972). CS habituation produces a latent inhibi-
tion effect but no active conditioned inhibition. Learn. Motiv. 3, 237–245. doi:
10.1016/0023-9690(72)90020-3
Rescorla, R. A. (1973). “Second order conditioning: implications for theories of
learning,” in Contemporary Approaches to Learning and Conditioning, eds F. J.
McGuigan and D. Lumsden (New York, NY: Winston), 127–150.
Rescorla, R. A., and Holland, P. C. (1988). Behavioral studies of pavlovian con-
ditioning. Ann. Rev. Neurosci. 11, 329–352. doi: 10.1146/annurev.ne.11.030188.
001553
Rescorla, R. A., and Wagner, A. R. (1972). “A theory of Pavlovian conditioning:
variations in the effectiveness of reinforcement and non-reinforcement,” in
Classical Conditioning II, eds A. H. Black and W. F. Prokasky (New York, NY:
Appleton-Century-Crofts), 64–99.
Stewart, J., and Vezina, P. (1988). “Conditioning and behavioral sensitization,” in
Sensitization in the Nervous System, eds P.W. Kalivas and C. D. Barnes (Caldwell,
NJ: The Telford Press), 207–224.
Strausfeld, N. J. (2012). Arthropod Brains: Evolution, Functional Elegance and
Historical Significance. Cambridge, MA: The Belknap Press of Harvard
University Press.
Strausfeld, N. J., Sinakevitch, I., and Vilinsky, I. (2003). The mushroom bod-
ies of Drosophila melanogaster: immunocytological and golgi study of kenyon
cell organization in the calyces and lobes. Microsc. Res. Tech. 62, 151–169. doi:
10.1002/jemt.10368
Timberlake, W. (1994). Behavior systems, associationism and Pavlovian condition-
ing. Psychon. Bull. Rev. 1, 405–420. doi: 10.3758/BF03210945
Tinbergen, N. (1951). The Study of Instinct. Oxford: Oxford University Press.
Tully, K., Li, Y., Tsvetkov, E., and Bolshakov, V. Y. (2007). Norepinephrine
enables the induction of associative long term potentiation at thalamo-
amygdala synapses. Proc. Natl. Acad. Sci. U.S.A. 104, 14146–14150. doi:
10.1073/pnas.0704621104
Tully, T., and Quinn, W. G. (1985). Classical conditioning and retention in nor-
mal and adult Drosophila melanogaster. J. Comp. Physiol. A 157, 263–277. doi:
10.1007/BF01350033
van Swinderen, B. (2007). Attention like processes in Drosophila require
short term memory genes. Science 315, 1590–1593. doi: 10.1126/science.
1137931
Vargo, M., and Hirsch, J. (1982). Central excitation in the fruit fly (Drosophila
melanogaster). J. Comp. Physiol. Psychol. 96, 452–459. doi: 10.1037/
h0077899
Wittmann, B. C., Schott, B. H., Guderian, S., Frey, J. U., Heinze, H. J., and Düzel, E.
(2005). Reward-related fMRI activation of dopaminergic midbrain is associated
with enhanced hippocampus dependent long term memory formation. Neuron
45, 459–467. doi: 10.1016/j.neuron.2005.01.010
Xia, S., Miyashita, T., Fu, T. F., Lin, W. Y., Wu, C. L., Pyzocha, L., et al. (2005).
NMDA receptors mediate olfactory learning and memory in Drosophila. Curr.
Biol. 15, 603–615. doi: 10.1016/j.cub.2005.02.059
Xie, Z., Huang, C., Ci, B., Wang, L., and Zhong, Y. (2013). Requirement of the
combination of mushroom body γ lobe and α/β lobes for the retrieval of both
aversive and appetitive early memories in Drosophila. Learn. Mem. 20, 474–481.
doi: 10.1101/lm.031823.113
Zhang, K., Guo, J. Z., Peng, Y.,Wang, X., and Gui, A. (2007). Dopamine-mushroom
body circuit regulates saliency-based decision making in Drosophila. Science
316, 1901–1904. doi: 10.1126/science.1137357
Zhang, X., Qingzhong, R., and Guo, A. (2013). Parallel pathways for cross-
modal memory retrieval in Drosophila. J. Neurosci. 33, 8784–8793. doi:
10.1523/JNEUROSCI.4631-12.2013
Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 31 August 2013; accepted: 23 January 2014; published online: 11 February
2014.
Citation: Çevik MÖ (2014) Habituation, sensitization, and Pavlovian conditioning.
Front. Integr. Neurosci. 8:13. doi: 10.3389/fnint.2014.00013
This article was submitted to the journal Frontiers in Integrative Neuroscience.
Copyright © 2014 Çevik. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Integrative Neuroscience www.frontiersin.org February 2014 | Volume 8 | Article 13 | 6
